Abstract-Although volume excess causes hypertension, whether it also affects circadian patterns of arterial pressures among hemodialysis patients remains unknown. To test the notion of whether volume overload is associated with a unique blood pressure (BP) "signature," a posthoc analysis was performed among 145 patients participating in the Dry-Weight Reduction in Hypertensive Hemodialysis Patients randomized, controlled trial. Using 400 ambulatory BP recordings over 8 weeks composed of 35 302 measurements, the trended cosinor model was found to be the best descriptor of BP chronobiology. The trended cosinor model may be described as a pattern of sinusoidal oscillation around a straight line with an upward trend during the interdialytic period that has an intercept at the postdialysis time.
H ypertension is a cardiovascular risk factor common among hemodialysis patients 1 and one which that may be better assessed using out-of-office blood pressure (BP) monitoring either by home BP measurements or by automatic interdialytic ambulatory BP recordings. [2] [3] [4] [5] Interdialytic ambulatory BP monitoring more closely correlates with left ventricular hypertrophy 6 and all-cause mortality 3 compared with BP recorded in the hemodialysis unit and, in contrast to home BP recordings, offers greater insights into circadian rhythms. 2 Chronobiological analysis reveals that arterial BP rhythms are markedly altered in patients on hemodialysis. 7 BP steadily increases over the interdialytic interval, 8 and the rate of change in BP is proportional to the interdialytic weight gain. 9 Most hemodialysis patients have an absence of nocturnal decline in BP, a phenomenon known as nondipping. 10 Augmented volume removal therapy (AVRT) and restricted dialysate sodium delivery effectively treat hypertension in hemodialysis patients. 11 In patients with normal kidney function, diuretics and salt restriction can restore the dipping phenomenon. 12, 13 However, the effects of AVRT on the dipping phenomenon and arterial pressure rhythms in hemodialysis patients remain of great interest but are currently unknown. 14 Furthermore, studies have suggested that studying the chronobiology of arterial rhythms may be more sensitive in detecting changes in BP patterns compared with studying the dipping phenomenon. 15, 16 Thus, volume overload may have a specific pattern in hypertensive hemodialysis patients.
The "lag phenomenon" refers to a fall in BP that occurs weeks to months after reducing dry weight. 17, 18 In the Dry-Weight Reduction in Hypertensive Hemodialysis Patients (DRIP) Trial, we demonstrated a reduction of Ϸ7/ 3 mm Hg in response to probing dry weight measured by interdialytic ambulatory BP at 4 weeks and no further reduction at 8 weeks despite maintaining the dry weight. We interpreted these findings to mean that the lag phenomenon does not exist in long-term, prevalent hemodialysis patients. An alternative explanation may be that the lag phenomenon may be evident for daytime and not nighttime BP. After all, the lag phenomenon was described using predialysis and postdialysis BP recordings, which may correlate more with daytime recordings. If so, then the absence of a lag phenomenon in the DRIP Trial may be attributed to the disparate effects of AVRT on daytime and sleep BP.
The purpose of this report was to evaluate the effect of volume on the patterns of hemodynamic rhythms. Specifically, we investigated whether volume removal can alter the chronobiology of arterial pressure rhythms such that it would provide a unique signature that would be attributable to volume overload. Using a randomized, controlled trial design we also tested whether AVRT can restore the dipping phenomenon and whether AVRT is associated with the lag phenomenon by measuring the contribution of volume on sleep and wake ambulatory BPs.
Methods
The trial results and methods have been published previously. 19 Briefly, we recruited patients Ն18 years of age on long-term hemodialysis for Ն3 months who had hypertension defined as mean interdialytic ambulatory BP of Ն135/85 mm Hg. Morbidly obese patients (body mass index: Ն40 kg/m 2 ) were excluded, because BP is often difficult to obtain in such patients. BP medications were withdrawn in some patients in order that they might become hypertensive and therein participate in this study. After a 6-hemodialysis run-in phase, during which baseline data were collected, patients were randomly assigned in 1:2 proportion into control group versus ultrafiltration (UF) trial group for 8 weeks. During this 24-dialysis treatment phase (8 weeksϫ3 dialysis visits per week), patients were seen at each dialysis visit and had dry weight probed as assessed by symptoms and signs related to hypovolemia. 20, 21 In the UF group, an initial additional weight loss of 0.1 kg/10.0-kg body weight was prescribed per dialysis visit without increasing the time or frequency of dialysis. This additional weight loss was combined with the UF volume required to remove interdialytic weight gain to achieve the desired reduction in dry weight. If UF was not tolerated on the basis of symptoms and signs, eg, muscle cramps, need for excessive saline, or symptomatic hypotension, the additional prescribed weight loss was reduced by 50% until an even 0.2-kg incremental weight loss per dialysis was not tolerated. At this point, the patient was said to be at his or her dry weight.
BP Monitoring
Ambulatory BP monitoring was performed after the midweek hemodialysis session for 44 hours. BPs were recorded every 20 minutes during the day (6 AM to 10 PM) and every 30 minutes during the night (10 PM to 6 AM) using a validated SpaceLabs 90207 ABP monitor (SpaceLabs Medical, Inc) in the nonaccess arm. 22 Recordings began immediately after hemodialysis and terminated immediately before the subsequent dialysis. Accuracy of ambulatory BP recordings was confirmed against auscultated BP at baseline. We excluded those patients who had Ͻ22 hours of ambulatory BP recording and also those who had long gaps in measurement.
Patients kept diaries of wake and sleep periods, which were used to calculate wake and sleep BPs. If no diary was kept, the period from 12 AM to 5 AM was used as the sleep period and from 8 AM to 10 PM as the wake period.
The study protocol was approved by the institutional review boards and the Veterans' Affairs Research and Development Committee, and all of the patients provided written informed consent.
Validation Cohort
In a group of 37 end-stage renal disease patients on long-term hemodialysis, we performed interdialytic ambulatory BP monitoring, as described above, at baseline and at 6 months. At each of these time points, we performed continuous blood volume monitoring to assess volume status, as described previously. 23 Those who were in the top one third of volume index at baseline (volume index: at or more than Ϫ0.198%/h per milliliter per hour of UF per kilogram of body weight) were said to have hypervolemia. At 6 months, if the volume index exceeded this threshold, hypervolemia was diagnosed.
Statistical Analysis
The mean level, trend, and the circadian pattern in the arterial pressure pattern in an interdialytic interval were modeled using the trended cosinor change model. 8 . The amplitude represents half of the extent of rhythmic change in a cycle approximated by the fitted curve, which implies that it can be interpreted as the mean deviation across the time span. The coefficient b 3 represents the linear trend in arterial pressure in the interdialytic period. Thus, the model considers the intercept and 2 types of change in a unified manner: a change that has a systematic linear component and another change that oscillates. Using the above trended cosinor model, we examined the fixed effects of the intervention (control versus UF), weeks of measurement (week 4 and week 8), and their interaction on the intercept, slope, and amplitude of the variation in arterial pressure and pulse rate.
The mean changes within subjects and between treatments in sleep and wake ambulatory BPs were compared using a mixed-effects model to account for repeated observations. 24 A similar mixedeffects model was used to analyze the validation cohort. The nominal level of significance was set at a 2-sided P value of Ͻ0.05, and all of the statistical analyses were performed with Stata 10.1 (Stata Corp LP).
Results
Of the 50 possible control and 100 possible UF ambulatory BP recordings, 2 patients in the control group and 3 in the UF group had inadequate ambulatory BP recordings for this analysis. At 4 weeks, 43 patients in the control group and 85 in the UF group had adequate ambulatory BP recordings. At 8 weeks, 43 patients in the control group and 84 in the UF group had complete data. In all, 400 ambulatory BP recordings composed of 35 302 measurements form the basis of the current analysis.
Interdialytic weight gain averaged 2.9 kg in the UF group and 2.8 kg in the control group at baseline and did not change significantly within or between groups over time. AVRT resulted in a mean change of 0.9 kg of weight loss at 4 weeks and 1.0 kg at 8 weeks. Most patients were dialyzed with dialysate Na of 140 mEq/L. In the control group, 46% of the patients had Na modeling versus 45% in the AVRT group. We did not change the dialysate Na, UF profiling prescription, or antihypertensive medications during the trial.
The baseline characteristics of the eligible patients are shown in Table 1 . The 2 treatment groups were well balanced with respect to the baseline characteristics of the patients. At baseline, the average number of BP measurements with each ambulatory recording was 91Ϯ20 (range: 31 to 130) in the control group and 91Ϯ19 (range: 40 to 120) in the UF group. Over the course of the trial, the average number of BP measurements was 88Ϯ21 per ambulatory recording.
At baseline, the average ambulatory BP in the control group was 146.7Ϯ10.6/83.6Ϯ11.1 mm Hg and 145.4Ϯ10.2/ 82.7Ϯ9.8 mm Hg in the UF group. Pulse rates were 78.9Ϯ10.3 in the control group and 77.1Ϯ10.1 in the UF group. The patterns of systolic and diastolic BPs over 44 hours of an interdialytic period at baseline and at 4 and 8 weeks after randomization are shown in Figure 1 . UF caused a reduction in intercept systolic and diastolic BPs but steepened the slope of change over time at 4 weeks and 8 weeks. The amplitude of variation increased in the control group compared with the UF group at 4 weeks and 8 weeks in the case of diastolic but not systolic BP. Figure 2 shows the change from baseline in the control group and the change from baseline in the UF group in intercept, slope, and amplitude of BP. Intercept systolic BP fell 10.0 mm Hg more at 4 weeks (PϽ0.0001) and 8.1 mm Hg more at 8 weeks (PϽ0.0001) in the UF group compared with the control group. Slopes of systolic BP steepened by 0.192 mm Hg/h more at 4 weeks (PϽ0.0001) and 0.141 mm Hg/h more at 8 weeks (PϽ0.0001) in the UF group compared with the control group. There was a greater variation in the amplitude of systolic BP at 4 weeks in both control and UF groups, but no between group differences emerged at 4 or 8 weeks. Diastolic BP fell 4.8 mm Hg more in the UF group compared with the control group at 4 weeks (PϽ0.0001) and 4.9 mm Hg more at 8 weeks (PϽ0.0001). Slopes of diastolic BP steepened by 0.097 mm Hg/h more at 4 weeks (PϽ0.0001) and 0.100 mm Hg/h more at 8 weeks (PϽ0.0001) in the UF group compared with the control group. The amplitude of diastolic BP variation increased in the control group by 1.2 mm Hg (Pϭ0.01) compared with the UF group at 4 weeks. At 8 weeks, a fall in the amplitude of diastolic BP variation in the UF group revealed a betweengroup difference of Ϫ2.7 mm Hg (PϽ0.0001). Figure S1 (please see the online data supplement at http://hyper.ahajournals.org) shows that UF caused a reduction in intercept pulse pressure. Pulse pressure slope was steepened with UF at 4 weeks compared with the control group. However, there were no differences between the control and UF pulse pressure slopes at 8 weeks. Heart rate intercept fell from baseline to 4 weeks in the control group and remained low at 8 weeks such that differences between groups were significant at both 4 and 8 weeks. There was flattening of the slope of heart rate in the UF group but no change in the control group at 4 weeks, with no overall difference seen between group changes. At 8 weeks there was flattening of the slope of the control group but no change in the UF group. The amplitude of variation did not change for pulse pressure or heart rate between groups at any time point. Figure S2 shows that intercept pulse pressure fell 5.2 mm Hg more at 4 weeks (PϽ0.0001) and 3.1 mm Hg more at 8 weeks (PϽ0.0001) in the UF group compared with the control group. Slopes of pulse pressure steepened by 0.091 mm Hg/h more at 4 weeks (PϽ0.0001) in the UF group compared with the control group. At 8 weeks, however, the slopes of pulse pressure were similar between groups. The amplitude of pulse pressure changes showed no differences within and between groups. Heart rate fell 1.2-bpm more in the control group at 4 weeks (Pϭ0.006) and 4.6-bpm more at 8 weeks (PϽ0.0001) compared with the control group. Slopes of heart rates were similar at 4 weeks but showed steeper changes at 8 weeks (Pϭ0.004) in the control group compared with the UF group. The amplitude of heart rate showed similar changes within and between groups at 4 and 8 weeks.
The extent of dipping (sleep minus wake systolic BP) is shown in Figure S3 . The 95% CI of dipping at each time point included 0. Thus, there was no evidence for dipping in the control or UF groups either at baseline or over time. The change in the dipping pattern was the opposite of what would be expected for the UF group ( Figure S3C ). The change in dipping in the UF group was Ϫ1.2 mm Hg (95% CI Ϫ9.6 to 7.1) compared with the control group at 4 weeks and 3.6 mm Hg (95% CI Ϫ4.7 to 11.9) at 8 weeks. Thus, AVRT did not restore dipping.
The results of the validation cohort are shown in Table 2 . Volemia was defined by the volume index, as described previously. 23 Of the 37 patients, 19 remained euvolemic, 5 had incident hypervolemia, and 4 had incident euvolemia, whereas 9 were persistently hypervolemic. The most notable finding was that incident hypervolemia was associated with an increased intercept and blunted slope. Persistent hypervolemia was associated with further worsening of the intercept but no further blunting of the slope. There were only 4 patients who experienced incident euvolemia, and, compared with the control group of patients with persistent euvolemia, changes in the intercept and slope were small. A per-protocol analysis of the data confirmed the intent-to-treat analysis. A fall in weight at either month was associated with a drop in the intercept BP of between 4 and 5 mm Hg/kg and steepening of the slope by 0.04 to 0.05 mm Hg/h per kilogram without effects on amplitude.
Discussion
In this study, we found that AVRT in prevalent, long-term, hypertensive hemodialysis patients with end-stage renal disease reduced the overall BP and also altered the chronobiology of hemodynamic rhythms. AVRT evoked these changes by reducing the intercept of systolic BP more than diastolic BP such that the pulse pressure intercept was also reduced. The systolic and diastolic slopes were steeper, but there was no effect on the lability (amplitude) of BP variation over the interdialytic period, including a lack of change in the amplitude of pulse pressure variation. AVRT failed to restore dipping and was not associated with a lag phenomenon for either the wake or sleep systolic BP. Thus, an elevated intercept and blunted slope pattern best characterizes the "volume-overload BP pattern" on ambulatory BP monitoring.
Short dialysis sessions are associated with increased mortality. 25 Although the reason(s) for this observation remains elusive, shorter dialysis sessions may be associated with inadequate volume removal and, therefore, hypertension. AVRT caused a large and consistent drop in systolic BP more than diastolic BP such that pulse pressure was also reduced. Because pulse pressure has been associated with increased mortality in hemodialysis patients, 26, 27 it is possible that AVRT may confer survival benefits in this population, which has an astounding mortality rate. The fall in intercept BP was matched by a steeper increase in systolic and diastolic BPs over the interdialytic period. However, by 8 weeks, despite the increase in the rate of change of BP during the interdialytic period, the BP at the end of the recording period was approximately what was seen at the intercept at baseline. These changes are especially remarkable because they occurred while the patients received an average of 2.6 antihypertensive medications. The change in BP patterns in the control group may have occurred because of better compliance with diet or antihypertensive drugs attributed to participation in a clinical trial.
These effects on intercept systolic, diastolic, and pulse BPs occurred within 4 weeks and persisted at 8 weeks, which is evidence against the lag phenomenon. 17, 18 Treatment of essential hypertension with thiazide diuretics is analogous to AVRT in patients on hemodialysis. Although the exact mechanism of reduction in BP with thiazide diuretics remains elusive, because BP reduction is not seen in anephric patients, it appears that volume contraction is a central component that triggers the antihypertensive effect of these drugs. The BP reduction with thiazide diuretics also occurs rapidly and shows no lag phenomenon. 17, 28 The lag phenomenon, as reported previously, may be specific to incident patients on dialysis who may require a longer time period to achieve dry weight. 17 It is also possible that the lag phenomenon may be related to the poor assessment of BP surrounding the dialysis treatment. 29 Because we used a sensitive technique to monitor BP, we may have detected significant changes in BP earlier and more precisely. Restricting the analysis to wake BP also did not reveal the presence of the lag phenomenon.
The lack of sleep-related fall in BP (nondipping) occurs early in the course of chronic kidney disease. 30, 31 Nondipping in patients with chronic kidney disease who are not on dialysis is associated with older age, greater proteinuria, and lower serum albumin risk factors common to inflammatory and atherosclerotic processes. 31 Amar et al 26 have reported poor cardiovascular outcomes among hemodialysis patients who were nondippers. We did not find evidence of restoration of dipping in our patients treated with augmented volume removal. We did not find support for dipping when data were analyzed either with the cosinor model or with the more conventional sleep-wake model. The lack of restoration of dipping may not be surprising if factors such as autonomic activation play a more important role in causing nondipping. For example, if renalase deficiency, an enzyme that breaks down catecholamines, is important in the pathogenesis of nondipping, then replacing this enzyme (rather than removing volume) may be more important for restoring the nocturnal dip in BP. 32 In defense of this hypothesis, there is some evidence that renal transplantation may restore the dipping phenomenon. 33, 34 Sympathetic activation, which is common in hemodialysis patients, may be another mechanism mediating nondipping but may not be mitigated by volume removal. 35 Some limitations of our study should be recognized. The majority of the participants in our study were black hemodialysis patients. Whether black participants have a different chronobiology than nonblack participants in the interdialytic period is not known. Our study lasted only 8 weeks. Whether longer-term study would have revealed restoration of dipping cannot be answered by our short-term trial.
Perspectives
AVRT evoked parallel reductions in wake and sleep BPs. There was no additional reduction in sleep BP compared with wake BP. Confirmed by cosinor rhythmometric analysis, a lack of evidence of change in circadian amplitudes of systolic or diastolic BP does not support the notion that augmented volume removal can restore nocturnal dipping in hemodialysis patients. This is an important negative finding of our randomized trial. However, AVRT substantially altered arterial pressure and heart rate rhythm patterns in hemodialysis patients who were characterized by a reduction in the BP intercept and an increase in the slope but no increase in the lability of BP. Thus, an elevated intercept and blunted slope pattern characterizes the volume-overload BP pattern on ambulatory BP monitoring. Reduction of systolic BP exceeded that of diastolic BP; the pulse pressure reduction of 3 to 5 mm Hg and the reduced BP load have the potential to impact survival in hemodialysis patients. 36 Outcome trials are now needed to translate these findings to clinical practice. 
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